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A computational study on the coordination modes
and electron absorption spectra of the complexes
U(v) with N,N,N’,N’-tetramethyl-diglycolamide and
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Lipophilic N,N,N',N'-tetraalkyl-diglycolamides (TRDGAs) are promising extractants for actinides separation
in spent nuclear fuel reprocessing. Usually, in the extracted complexes of actinide and lanthanide ions of

various oxidation states, the metal ions are completely surrounded by 2 or 3 TRDGA molecules, and the

counter anions do not directly coordinate with them. In contrast, the extracted complexes of U(v) from

different media presenting different absorption spectra indicate that the anions (CI” and NO3™) are
directly involved in the coordination with U(v) in the first inner sphere. Based on this exceptional
observation in solvent extraction, taking the coordination of U(v) with N,N,N'N'-tetramethyl-
diglycolamide (TMDGA, the smallest analogue of TRDGA) as the research object, we mimic the

behaviours of counterions (Cl™ and NOs™) and the water molecule during coordination of TMDGA with

U(v), especially combining with the simulation of the absorption spectra. We demonstrate that during

the complexing of TMDGA to U(v), the counterion Cl™ will occupy one coordination number in the inner

coordination sphere, and NOs~ will occupy two by bidentate type; however, the ubiquitous water

cannot squeeze in the inner coordination sphere. In addition, the coordination of CI™ and NOsz s
proved to favour the extraction with the lower binding energy. Moreover, the simulation of absorption
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in good agreement with the observation from experiments,

further verifying the

aforementioned conclusion. This work in some way will provide guidance to improve the computation
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rsc.li/rsc-advances complexes.

1. Introduction

Nuclear energy has been successfully developed to generate civil
electricity for over 70 years. Currently, most nuclear power
plants are mainly using enriched uranium (about 4-5%) oxide
as fuel, and the common fuel cycling period is about 12 to18
months. For each cycle, the used fuel needs to be discharged out
of and new fuel needs to be refilled into the reactors. The used
fuel consists of about 96% fissile and fertile material, small
amounts of minor actinides, and 3% fission products. The 96%
fissile and fertile material includes unused uranium (95%) and
by-produced plutonium by uranium capturing neutrons (1%),
which are useful and can be recovered to manufacture new fuel.
The minor actinides including Np, Am, and Cm are in relatively
small amounts, but they are the major contributors to the long-
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methods in research of actinides by mimicking the absorption spectra of actinide ions in different

term radioactive toxicity in the used fuel. In recent decades, in
order to develop sustainable nuclear energy by more efficiently
utilizing the limited uranium resource and to reduce the
volume of high-level waste, partitioning-transmutation (P-T)
strategy has been developed and related research has been
conducted to some extended degree.>* By P-T strategy, besides
uranium and plutonium are recovered from used fuel to make
new fuel, minor actinides are also separated from fission
products, especially lanthanides, and further transmuted into
short-lived or stable nuclides in dedicated reactors or
accelerator-driven systems.

To match the varying needs of P-T strategy for the separa-
tions of actinides, specific reagents and processes have to be
developed and practically tested. Due to the radiotoxicity of
actinides, it is very cost to conduct the associated experiments.
Hence, computation methods become more attractive in the
related research of actinides. However, there is a dilemma for
utilizing computation methods. In one hand, reliable compu-
tation methods may provide alternative approaches to eliminate
some difficult experiments and to reduce the cost of handling

RSC Adv, 2023, 13, 23947-23954 | 23947


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra04206e&domain=pdf&date_stamp=2023-08-09
http://orcid.org/0009-0000-2560-6015
http://orcid.org/0000-0001-8155-1039
http://orcid.org/0000-0002-8755-0026
https://doi.org/10.1039/d3ra04206e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04206e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013034

Open Access Article. Published on 10 August 2023. Downloaded on 6/29/2026 2:53:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

actinides in common research laboratories. In the other hand,
the computation methods suitable for accurately solving the
problems in investigating actinide materials have not been well
developed. Because of the complexed electronic structure,
significant f-electron correlation effects, and relativistic effects
of actinides, accurate computations and simulations are still
a challenge in actinide chemistry. Therefore, developing suit-
able approaches is essential for enhancing the application of
computation technique in researches of actinide instead of
experimental methods involving radioactive materials.

Besides, spectroscopy is a powerful tool to study the coor-
dination chemistry of actinides. When absorbing photons at
a certain energy (the visible to near infrared region), the f-
electrons of actinides might transfer from low-energy orbitals
to higher ones, that is, f-f transition. By analysing the molecular
spectra and clarifying the transition behaviour between elec-
tronic states, one can figure out the bonding properties of f-
orbitals in actinide complexes. The vibrational spectroscopy
(such as infrared spectroscopy, Raman spectroscopy) and elec-
tronic spectroscopy (such as absorption spectroscopy and
fluorescence spectroscopy) have been frequently-used to study
the coordination chemistry of actinides.*”

With the development of quantum chemistry, intensive
researches on the coordination and spectrochemistry of acti-
nides by means of theoretical simulation have sprung up with
respect of compatible with experimental observation.*?>°
Potentially, density functional theory (DFT) is able to accurately
predict the static electronic properties of actinide complexes
and to explain their behaviour in separation processes and
migration in environment, but when considering the absorp-
tion spectra, only DFT even time-dependent DFT method is
invalid for the consideration of multireference characteristics,
which should be supplemented by the post Hartree-Fock
method. To sum up, with well optimized geometry, by
combining frequency analysis with excitation simulation, the
vibrational spectra and electronic spectra of the complexes
might be mimicked, and by combining the simulation of elec-
tronic structure with thermodynamic characteristics, the
observed experimental phenomena might be explained.

In this work, we chose the coordination of U(iv) with water-
soluble ligand N,N,N',N'-tetramethyl-diglycolamide
(TMDGA)*** in aqueous solution as the research object in
comparison with the extraction of U(v) using in N,N-dimethyl-
N,N-dioctyl-diglycolamide (DMDODGA) in solvent extraction.
Basically, the solvent extraction is the most frequently-used
method for the separation of lanthanides from actinides.***
Since the 5f orbitals in actinides have a higher spatial distri-
bution than the 4f orbitals in lanthanides, the formation of
covalent bond in the former becomes easier.>® Therefore,
compared with Ln**, the An®" is much softer to complex with
softer elements. The chosen water-soluble ligands TMDGA
shows excellent coordination ability with actinides, with three
oxygen atoms strongly coordinating with the inner metal atom.
Considering the environment of the ordinary solution, coun-
terions widely exist, who will influence the separation of acti-
nides to some extent. Usually, counterions in the outer sphere
are regarded as ‘spectator ions’, which in general are mainly
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used for charge balancing or space filling but have little effect
on the chemical reactions.>” However, Liu et al. showed that,
TMDGA can complex with U(wv) with the ratio of U(wv) : TMDGA
of 1:1,1:2and 1:3 in 1 M HCI and 1 M HNOj;. Moreover, the
different spectral performance in HCl and HNO; and the
diffusion reflectance spectrum is attributed to the influence of
counterions, who are hypothesized to appear in the inner
coordination sphere.* This finding contradicts the previous
experimental results that the NO;™ counterion is demonstrated
to only appear in the outer coordination sphere and not directly
bond with Pu(w) in the 1 : 3 complex of TMGDA-Pu(wv) based on
the vis-NIR spectra and crystal structures.*® Therefore, whether
the counterions will exist in the first coordination sphere and
how they will influence the extraction needs a deep analysis.

Based on this, comprehensive static and electronic proper-
ties, molecular dynamics and spectra analysis has been per-
formed. The behaviours of counterions (ClI~ and NO; ™) and the
water molecule during coordination of TMDGA with U(w) are
analysed by optimizing the geometries, mimicking the binding
energy and comparing the simulated spectra with the experi-
mental observation. The calculation demonstrates that with
three TMDGA molecules bonded to U(v), water-U(iv)-TMDGA is
not energy-favourable, which means that the water will not
appear in the inner coordination sphere; on the contrary, Cl~
and NO;~ can reduce the binding energy of the 1:3 U(w)-
TMDGA complex when appears in the first coordination sphere.
Meanwhile, the simulation of electronic structures and
absorption spectra imply that the U(iv)-TMDGA complex can
only afford one coordination site for C1~, while for NO; ™, the
two-sited bidentate coordination is energetically more favour-
able. The research clarifies the complexation behaviour of
counterions in the solvent extraction process from the
perspective of spectroscopy simulation and confirms that
counterions can appear in the inner coordination sphere and
affect the complexing of TMDGA with U(v). The work is
significant for understanding the complexation properties of
actinides, as well as paving the way for the development of
spectral simulation for actinides.

2. Computational details

Geometric optimization and electronic structure characteriza-
tions were carried out with Gaussian16 software package* at
B3LYP level®** in gas phase. Amongst, Standard pople's 6-31G*
basis set were used during initial static electronic structural
calculations for the light C, H, O, N and Cl elements,** and the
Stuttgart relativistic effective core potential (RECPs) was
selected for the heavier U atom, with ECP60MWB basis set.?*3¢
The accurate single-point energy calculations was switched to
TPSSH level®” with def2TZVP**/ECP60MWB*>*° basis set for the
light and heavier elements, in aqueous environment. It is worth
noting that the crystal structure of 1: 3 U(v)-TMDGA is directly
provided by the experiment, thus its geometric optimization
was carried out with all atoms fixed expect for the H atoms,
whereas other structures was optimized without constraints.
The convergence criteria kept the default values.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ab initio molecular dynamics (AIMD) were accomplished in
CP2K/QUICKSTEP package based on the Gaussian and plane
waves method (GPW),***° with Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.** The Goedecker, Teter and
Hutter (GTH) pseudopotentials and corresponding MOLOPT
basis sets were employed for the light C, H, O, N, and Cl atoms,**
and the norm-conserving pseudopotentials and basis sets
developed by Lu et al. for uranium.*® Cutoff energy was set as
600 Ry. Here, a 20 A-sided cube was applied, with more than 200
water molecules added randomly to mimic the real solution
environment. Counterions (Cl~, NO;~ or ClO, ) were added to
neutralize system charge. Periodicity was considered in all three
directions.

Absorption spectra were performed with ORCA software
package (version 4.2),** with the complete active space self-
consistent field (CASSCF)** combining with n-electron valence
state perturbation theory (NEVPT2)*** method. The scalar
relativistic effect was described with the second order Douglas—
Kroll-Hess (DKH2) method,”® combining with spin-orbit
coupling (SOC) effect. Amongst, U was treated with SARC-DKH-
TZVP basis set,” and the others were with DKH-TZVP.*>*® Based
on the previous report,* seven 5f orbitals and five 6d orbitals
were selected as the active space to accurately mimic the
spectra, with two of the seven 5f orbitals occupied and all the
other ten orbitals empty, including five 5f orbitals and five 6d
orbitals. Since the 5f orbitals are somewhat be affected by 6d
orbitals but have neglectable influence from 7s orbitals,
meanwhile, other bonding and anti-bonding orbitals have even
higher energy levels than 7s, which will result in the transition
beyond the detected spectral region, the selection of active
space is necessary and enough. Besides, both singlet and triplet
were taken into consideration, with 50 excited states set for
each. Mulliken charge analysis and orbital analysis was per-
formed by using the Multiwfn 3.7 software.>*

3. Results and discussion

3.1 Geometric optimization and electronic structures
characterization

According to experimental conditions, a molecular of water, C1~
and NO; ™~ ions are inserted to the original 1 : 3 U(iv)-TMDGA in
the first coordination sphere, shown in Fig. 1, detailed xyz
formats are listed in ESL.T The structure of bare U(v)-TMDGA is
directly provided by the experiment.' It should be noted that,

® : ] o k
‘. : ° e S .9..0 .0. 6% ¢ ." :
e ¢ PR Seoo o e o 00 °
o/~ 'S \ /- p NS
TMDGA &H,0 &CI &NO, (mono) &NO, (bi)

Fig.1 Geometric schematic diagram of U(iv)-TMDGA complexes with
and without water and counterions Cl™, NOz™ after optimization. It's
worth noting that, the water will be pushed away during optimization,
which will not appear in the first inner coordination sphere. The red,
blue and green ball represents the oxygen, uranium and chloride atom
separately.
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the optimization is performed with C, O and U atoms fixed in
bare U(v)-TMDGA system to maintain the experimental
condition and release all atoms in other self-built structures.
For H,O0-U(v)-TMDGA complex, the molecule of water is
pushed away from the inner coordination sphere during the
optimization, due to the uncompetitive inter-molecular inter-
action and strong steric-hindrance effect. In Cl-U(1iv)-TMDGA
complex, only one CI™ can be inserted. When forcefully insert-
ing two Cl s, one of the three TMDGAs will be got rid of with
only one O atom coordinated with U(wv). As for the NO; ™, since
its spatial scale is large, we only consider a single NO; . There
are three equivalent O atoms in NO;, so monodentate and
bidentate type should all be taken into consideration.*® Ab initio
molecular dynamic simulations were carried out to further
verify the results, where the water molecular will escape from
the first coordinate sphere after 1 ps, as well as two Cl”s, while
the other counterions will maintain within the inner sphere of
U(wv), as shown in Fig. S1 in ESL. It is worth noting that, after 1
ps, the bidentate type of NO;~ shows the characteristic of
monodentate, it is because of the concentration of NO; ™ is too
low to reprint the real solvent condition.

Table 1 summarizes the averaged interatomic distance
between the 9 coordinated O atoms with U(v), and that between
U(v) and the inserted Cl /NO; . Since the water cannot be
inserted into U(v)-TMDGA complex during optimization, we
will not discuss it in this part. Amongst, the 2.40 A in pure U(iv)-
TMDGA is determined by experiments. When a Cl™ is inserted,
the TMDGA ligands are pushed away from the centered U atom,
with the averaged bond length at 2.51 A. After optimization, the
mono-type shows a smaller U-O bond length even than Cl-,
while bi-type shows a little bit longer bond length due to its
requirement of space. Actually, the 0.05 A difference may not
have huge influence on their stability. In a word, the inserted
counterions will extend the filling space of the whole complex,
with the TMDGA pushed away from U(wv). But anyway, the
calculated bond lengths around the covalent radius clarifies
that the counterions can coordinate to U(wv) in the inner coor-
dination sphere.

Further, we calculate the Mulliken charge distribution®® for
the above four systems, Table 2. In general, the O atoms in
TMDGA and counterions are regarded as an electron donor, and
U(wv) as an electron acceptor. On the whole, in pure TMGDA-
U(v) complex, the Mulliken charge localized at U is 2.784. When
inserted with ClI- and NO; , the value becomes lower,

Table 1 Averaged simulated interatomic distance between the
centered U and electron-donor atoms in U(v)-TMDGA complexes.
U-0O means the averaged interatomic distance between the 9 coor-
dinated O atoms in TMDGA with U(v), and the U-CI/O(NO3z~) means
the distance between U and the connected Cl or O atom in coun-
terions. The C, O and U atoms are fixed in the pure U(v)-TMDGA
during optimization to illustrate the experimental geometry,* whereas
all atoms are released in the &CIT/&NO3~ system

(Unit: A) &Cl~  &NO; (mono) &NO; (bi) TMDGA (exp.)"
U-O0 2.51 2.50 2.56 2.40
U-Cl/O(NO;™) 2.65 2.28 2.49

RSC Adv, 2023, 13, 23947-23954 | 23949


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04206e

Open Access Article. Published on 10 August 2023. Downloaded on 6/29/2026 2:53:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 2 Mulliken charge analysis for U(v)-TMDGA complexes.
Amongst, TMDGA represents pure U(v)-TMDGA complex, and the
others are U(iv)-TMDGA complexes with counterions CI~ and NOz~. U
represents the calculated charge around U atom, CI™/O(NO3~) means

charge around Cl™ or around the jointed O atom in NOs~, and Cl™/
NOs~ is the charge in the whole ClI"/NOz~ counterion

&Cl™ &NO;~ (mono)  &NO;™ (bi) TMDGA
U 2.466 2.771 2.522 2.784
ClI'/O(NO;7)  —0.394  —0.490 —0.373
Cl /NO;~ —0.394 —0.169 —0.124

indicating more electrons are accepted by U(w), especially in the
&Cl™ complex. For the part of counterions, the Mulliken charge
left in ClI™ is —0.394, and that in NO3~ is —0.490 and —0.373
separately for the mono- and bi-dentate type which means CI™
transfers more electron to U(wv) than mono-typed NO; ™~ but less
than bi-typed NO; . The last row represents the Mulliken
charge for the whole liganded counterions. The naked ions
should be —1, thus the difference is due to the flow of electrons
from ligand to the centered U. Due to the different contribution
of TMDGASs, the negative charge left in Cl™ is larger than that in
NO; ™, reverse of the conclusion from the positive charge in U,
who is more suitable to describe the metal-ligand interaction.
Obviously, the flow of electrons demonstrates that the direct
coordination with counterions and U(w) in the inner coordi-
nation sphere is possible.

Besides, we depict all seven 5f-dominant molecular orbitals
in &Cl~, &NO;~ (mono) and &NO;~ (bi) complex, shown in
Fig. 2(a), from SOMO-1 (SOMO, Single Occupied Molecular
Orbital) to SOMO + 5. Amongst, all seven 5f-dominant orbitals
are shown around U element, with slightly p orbital appears
around Cl~ and NO;™~ fragment, which is circled by red, blue
and green curve. The same iso-surface value was used. The
delocalization around p and f orbitals in &Cl™~ system indicates
a stronger covalent interaction between U(wv) and Cl™. Whereas,
the monodentate &NO; shows a more obvious delocalization
than bidentate type, due to its shorter bond length than
bidentate type, Table 1. The values shown in Fig. 2(b) clarify the
statement, where the composition of f orbitals become lower
and p become higher in CI” complex. The results agree well
with our previous analysis.

3.2 Binding energy

Furthermore, we calculate the binding energy (BE) for each
U(v)-TMDGA complex according to the following formula, lis-
ted in Table 3. The chosen initial structure is UTMDGA),*".

U(TMDGA)3" + counterion (C1 /NO3) —
U(TMDGA )5(counterion)>* (1)
U(TMDGA)Y" + H,O — UTMDGA);(H,0)* (2)

It is worth noting that, here we forcefully fix the position of O
in H,0 molecular to mimic its binding energy, otherwise the
H,0 molecule will escape from the first coordination sphere.

23950 | RSC Adv, 2023, 13, 23947-23954
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Fig. 2 Orbital analysis in U(v)-TMDGA coordinated with counterions
Cl™ and NOs". (a) shows f-type molecular orbitals in U(v)-TMDGA
complexes. Here, the 5f-dominant orbitals are around the U element,
accompanied by some p orbitals from Cl™ and NOsz~. The dotted
circles represent the Cl™ and two types of NOsz~. (b) shows the
accurate orbital compositions in each system and each orbital from
SOMO-1 to SOMO + 5.

Besides, only one molecule of counterion or water is taken into
consideration due to the space limitation. We can directly point
out that, with a positive binding energy, the coordination with
an extra water is energy-unfavourable. Again, we confirm that no
water molecular will appear in the inner coordination sphere.
Whereas, &Cl™ and &NO;~ show the negative binding energy,
which means they are easier to coordinate with U(wv) in the
presence of 3 TMDGAs. Amongst, Cl™ is the easiest counterion
to coordinate, the next is bidentate NO; ™, whose binding energy
is 3.36 k] mol " lower than the monodentate type. From the
energetic standpoint, CI~ and NO;  can all exist in the first
coordination sphere, meanwhile, they both can lower the
binding energy of the U(v)-TMDGA complex, which in this
perspective, the counterions can promote the extraction of U(wv)
by TMDGA.

3.3 Absorption spectra

By electronic and energy analysis, counterions are verified to
appear in the first inner coordinate sphere in 1 : 3 U(iv)-TMDGA
complex. Meanwhile, geometric optimization, molecular
dynamics and binding energy simulation demonstrates its
behaviour. Further, under the guidance of experiments and our
recent research findings,"*® we take use of absorption spectra as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The summarized binding energy (BE) for U(iv)-TMDGA with the inserted counterions and the water molecular. Amongst, only one CL~,
NOs3~ and water is considered, with two types of NO3™ ligand (monodentate and bidentate). The O atom in H,O is fixed during optimization in
&H,0 system, merely to obtain the binding energy, otherwise it will escape from the first coordination sphere. Ecompiexes is the total energy of
each U(iv)-TMDGA complexe, Eyrmpca),* is the energy of pure U(v)-TMDGA complex, and Ecounterion/t,o iS the energy of a single counterion or

water molecular

Ecomplexes (HartI’EE) EU(TMDGA);f(Hartree)

Ecounterion/t,o(Hartree) BE (Hartree) BE (k] mol ")

&H,0 —2501.40 —2424.95
&Cl™ —2885.21 —2424.95
&NO;~ (mono) —2705.48 —2424.95
&NO; ™ (bi) —2705.48 —2424.95

a tool to deeply investigate the underlying mechanism for
counterions coordinated with U(iv)-TMDGA complex. It is worth
mentioning that, Lan et al summarized 11 distinguished
computation methods to mimic the absorption spectrum of
hydrated tetravalent uranium and pointed out that, the
complete active space self-consistent field (CASSCF) integrating
n-electron valence state perturbation theory (NEVPT2),
combining with Douglas-Kroll-Hess (DKH) method and spin-
orbit coupling (SOC) effect can accurately describe the charac-
teristics of the excited states of actinides and the electron
transitions between them.*® Thus, making use of the approach,
we performed the simulation of the absorption spectra of the
targeted U(iv)-TMDGA complexes, both to verify the accuracy of
the aforementioned algorithm and to clarify the behaviour of
counterions during extraction of U(v) by TMDGA.

As shown in Fig. 3(a) is the absorption spectrum of non-
ligand U(iv)-TMDGA complex, noting that 3 perchlorate ions
(Clo,”) are symmetrically introduced to mimic the real
condition, and the geometric illustration is shown in Fig. S2 in
ESL.T (b)-(d) are complexes with counterions ClI~ and NO;~
coordinating in the first inner coordination sphere. (e) is
grabbed from the experimental result," with primary peaks a,
to k, at 670.0, 659.3, 653.0, 625.8, 551.3, 541.0, 491.5, 477.3,

— calc. [TMDGA]
(a) ih g b )
K . f e c
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b h & /é\
i f deb
By SN S ANy g
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2 (© . hg dep =
Q ;A fe L 2 en
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= At : 5 5]
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e AN AN P! =
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wavelength (nm)

—76.48 0.032 85.24
—460.22 —0.048 —126.90
—280.52 —0.011 —28.22
—280.52 —0.012 —31.58

465.8, 432.5 and 418.0 nm. (c) and (d) are separately for
monodentate and bidentate NO;~ complex, with one and two
oxygens coordinating with U(v). By comparing the simulation
and experiment, the bidentate-type complex shows a more
similar characteristic to the experiment especially for the
rough intensity and distribution of each peak, while, the
monodentate-type complex shows characteristics far away
from the experiment. A few details that differ from the exper-
iment are due to the simplification of simulation models,
since in the real solution the concentration of counterions is
largely excess.

From perspective of absorption spectra, we speculate that
the bidentate-type coordination of NO; ™ is the dominant exis-
tence form in U(iv)-TMDGA, even if they both have similar
binding energy and electronic structure. Then, by fixing the
wavenumber of the most intuitive major peak f in Fig. 3(d) the
same as the f; in Fig. 3(e), and shift the spectrum, the all 4
spectra become comparable with the experiment, the trans-
lation distance of wavenumber is 3139 cm™'. Actually, the
absolute position of each peak cannot be simulated exactly, but
compared with the non-ligand U(v)-TMDGA complex, the
complexes with counterions all show a slightly blue shift, which
is in agreement with the experiment.*

750 7

700

{
il

650 - Py 'D, 'Gy

600

5504

500

450

———

400 i

350 T T
TMDGA

&NO:;- (mono) &NO3- (bi)

&CI

Fig. 3 The absorption spectra of non-ligand (a) U(v)-TMDGA complex and (b)-(d) complexes with counterions Cl~, NOs~ coordinating in the
first inner coordination sphere. (e) is extracted from experimental results.* Amongst, (c) is the monodentate- and (d) is the bidentate-typed
coordination. The colored vertical lines in (a)—(d) are energy levels of each orbital. (f) is the related energy levels of each orbital and the iden-
tification of excited states in the experimental range of 350 to 750 nm. Besides, primary peaks are selected and labeled from a/ag to k/ko. the
exact wavelengths are listed in Table S1in ESL{
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The electronic configuration of U(w) is 5f> with 2 electrons
left in seven 5f orbitals, which leads to 7 spectral terms and
further be separated into 13 spectral branches, corresponding
to 91 microscopic states (90 excited electronic states and
a ground states) in U(v) complexes, listed in Table S1 in ESL
The 13 spectral branches are, *Hy, °F,, *Hs, °F;, °F,, *Hg, Py,
'D,, 'Gy, 3Py, 'Ig, P, and 'S,. Amongst, a/a, to k/k, in
Fig. 3(a)~(e) belongs to Py, 'D,, 'Gy, *Py, 'Is and *P,, which are
not forbidden and can be detected in the experimental range of
350 to 750 nm, as shown in Fig. 3(f), and details are listed in
Table S1 in ESL Since there are only two electrons left in U(w),
the values in the top left corner only show 1 and 3, meaning the
singlet and triplet state. The first spectral branch, *H,, is the
ground state of U(w), which has a degeneracy of 9, with the
character of coupling both singlet and triplet state. The
contribution percentage of singlet/triplet state in *H, of pure
U(iv)-TMDGA, &Cl~, &NO;3; (mono) and &NO; (bi) complexes is
9.3%/90.7%, 8.6%/91.4%, 8.4%/91.6%, and 8.6%/91.4%. Obvi-
ously, the ground states of these complexes are dominant by
triple state, but with unneglectable 10% singlet character. In
reality, both ground and excited states of these complexes show
multi-configuration character. Thus, the consideration of multi-
configurational character is necessary. The last spectral branch
'S, corrosponds to the highest electron exitation, with wave-
length at around 250 to 350 nm. Peaks lower than 'S, are
attributed to the 5f — 6d transition, which were not depicted
here. Peaks above 350 nm corresponds to the weak 5f — 5f
transition with low absorption. Actually, the 5f — 5f transition
is supposed to be forbbiden, which is relieved because of the
viriation of orbitals and structures bringing by the coordination
with ligand, but the intensity is weak. While, the mentioned 5f
— 6d transition is not forbidden, leading to a much stronger
excitation intensity at the lower wavelength. In reality, there are
several hiden states between 'S, and ®P,, origining from the
transtion between 5f and 6d orbitals, but no states in the pure
U(H,0)o*" complex.® This is due to the coordination of U(wv)
with ligands, who lifts these transitions than 'S,. The simula-
tions agree well with the previous paper,”” verifying the
accuracy of the computation method for the absorption spectra.

4. Conclusions

In summary, the research uncovers the behaviour of counter-
ions (C1I” and NO; ") and the water molecule during extraction
of U(iv) by TRDGA in the first inner coordination sphere. The
geometric optimization, energetic analysis and molecular
dynamics show that only one Cl™ can be inserted into the first
coordination sphere of TMDGA-U(wv), and there is no more
space to afford a second Cl. As for the NO; ™, there will be two
types of coordination forms, the mono- and bi-dentate. The
lower formation energy indicates the bidentate type an energy-
favourable type, meanwhile, by mimicking the absorption
spectra and comparing with experiments, the bidentate type is
further proved to be the dominant. Water cannot be accepted
into the inner coordination sphere due to its weaker complexing
capability. Our effort of introducing the photoelectronic spectra
to analyse the species formed in solvent extraction is significant

23952 | RSC Adv, 2023, 13, 23947-23954

View Article Online

Paper

for deeply understanding the complexation chemistry of acti-
nides. Moreover, the fairly accurate simulation of the absorp-
tion spectra verifies the precision of the group-developed
algorithm, which afford guidance for further exploration of
computation method for actinides.
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